1. Introduction {#sec1}
===============

Skeletal muscle tissues are often injured by toxic chemicals, biological factors, physical destructions and other skeletal muscle diseases \[[@bib1], [@bib2], [@bib3], [@bib4]\]. For skeletal muscle tissue repair, nowadays, autografts, allografts and artificial grafts are commonly therapies methods in clinic \[[@bib5],[@bib6]\]. However, clinical treatment strategies also possess the disadvantages, such as the shortcoming transplanting host muscle tissue, the high cost, site morbidity, long operative time, immune rejection and poor rehabilitation \[[@bib7],[@bib8]\]. Therefore, effective skeletal muscle tissue repair strategies are in high requirement to improve the life quality and therapeutic process.

As compared to biological techniques, bioactive and biocompatible biomaterials-based strategies without therapeutics have shown very promising application in various tissue regeneration and cancer therapy \[[@bib9], [@bib10], [@bib11], [@bib12], [@bib13]\]. As the skeletal tissue regeneration, the rapid proliferation and myogenic differentiation and myotube formation of muscle satellite cells plays the most important role \[[@bib14],[@bib15]\]. Up to now, conductive biomaterials such as graphene, carbon nanotube and semiconductor polymers have exhibited that they can enhance the myogenic differentiation of myoblasts \[[@bib16], [@bib17], [@bib18], [@bib19], [@bib20]\]. Our previous studies also demonstrated that the conductive nanocomposites and gold/silver nanoparticles could effectively regulate the myotube formation and promote the *in vivo* skeletal muscle tissue regeneration \[[@bib21]\]. However, most of the reported biomaterials are not biodegradable, which was not desirable *in vivo* skeletal muscle regeneration. It was very necessary to develop novel bioactive materials with controlled biodegradation and biocompatibility for efficient skeletal muscle tissue regeneration.

Citric acid-based polymers such as polycitrate biomedical elastomers (PC) have attracted much attention in regeneration medicine, because of their biomimetic mechanical behavior and biodegradation and biocompatibility \[[@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27]\]. The PC-based elastomers possess the similar viscoelastomeric behavior with native soft tissues, and showed promising results in vascular tissue engineering \[[@bib28],[@bib29]\]. Through molecular hybridization method, our group also developed a series of multifunctional PC-based biomaterials for potential gene delivery, tissue regeneration and bioimaging \[[@bib30],[@bib31]\]. Recently, PC-based biomaterials also showed special advantages on enhancing the osteogenic differentiation of stem cells and promoting the skeletal muscle tissue regeneration \[[@bib32], [@bib33], [@bib34]\]. Recently, our group further found that polycitrate-polyethylene glycol-polyethylenimine copolymer could significantly enhance the cell viability and proliferation of myoblast (C2C12) \[[@bib31]\]. The myogenic differentiation and the myotube formation of myoblast were significantly depended on the cell proliferation \[[@bib35]\]. Therefore, it is very interesting to investigate if POCG-PEI600 copolymer could induce the myogenic differentiation of C2C12, enhancing the myotube formation and skeletal muscle regeneration *in vivo*. Additionally, how the POCG-PEI600 copolymer and cells interact with each other at the molecular level are still not clear. Several signaling pathways, such as Wnt, Notch, NF-kB, ERK1/2, FGF and TGF-β are responsible for regulating general skeletal muscle formation and reconstruction \[[@bib36], [@bib37], [@bib38], [@bib39]\]. What\'s more, the *p38* MAPK family is the signal transducers that also promote muscle differentiation *in vitro* and influence the skeletal muscle growth and repair *in vivo*, but only p38 MAPK γ directly affects the myogenic transcription factors of the Myod family \[[@bib40],[@bib41]\]. Therefore, it was speculated that the POCG-PEI600 could regulate the C2C12 myoblast differentiation *via* influencing p38 MAPK γ signaling pathway. This hypothesis was demonstrated through analyzing the expressions of proteins and genes related with p38a MAPK signaling pathway, after interaction with POCG-PEI600 nanocopolymer and inhibitor (SB 203580).

In this study, we synthesized citric acid-based polycitrate-polyethylene glycol-polyethylenimine (POCG-PEI600) nanocopolymer and investigated their effect on the myogenic differentiation and related molecular mechanism and *in vivo* skeletal muscle tissue regeneration. The detailed effects of POCG-PEI600 on the proliferation, myotube formation, myogenic proteins and genes expression *in vitro* of myoblasts (C2C12), *in vivo* skeletal muscle tissue regeneration was also studied.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

2-(N-Morpholino) ethanesulfonic Acid (MES, 99%) N-Hydroxysuccinimide (NHS, 98%) and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 99%) were obtained from J&K Scientific. Ascorbic acid, β-glycerophosphate, paraformaldehyde, Triton X-100, dexamethasone, citric acid (99%), sodium hydroxide (NaOH),1, 8-Octanediol (98%), hydrochloric acid (37%), polyethylene glycol (PEG) (1 kDa) and branched polyethylenimine (PEI) (600Da) were purchased from Sigma-Aldrich. 4′-6-diamidino-2-phenylindole (DAPI), LIVE/DEAD staining kit, BCA protein assay kit, SDS-PAGE gels, reverse transcription reagent kit, Trizol, secondary antibodies and Alamar Blue® kit were bought from Invitrogen. Horse serum and phosphate buffered saline (PBS), Dulbecco\'s Modiﬁed Eagle Medium (DMEM) and antibiotic-antimycotic solution were purchased from GIBCO. Fetal bovine serum was bought from Bioind. Propidiumiodide (PI) and mito-tracker were obtained from Thermo Fisher Scientific. Phosphor-p38 and p38 antibodies were purchased from cell signaling. MYOD, myosin heavy chain (MHC) and GAPDH antibodies were obtained from Abcam.

2.2. Synthesis of POCG-PEI600 {#sec2.2}
-----------------------------

The POCG-PEI600 was synthesized through the reaction of POCG and PEI-600. The POCG polymer was synthesized using citric acid (CA), 1, 8-octanediol (OD) and polyethylene glycol (PEG) by melt-derived polymerization. Then POCG was dissolved by EDC in MES buffer anhydrous for 30 min, and then added the PEI600 under stirring for 24 h at room temperature. The mixture was purified by dialysis for 2 days. The final POCG-PEI600 was obtained after freeze-drying. The detailed synthesis and procedures were available in previous paper \[[@bib31],[@bib42]\].

2.3. Myoblasts cell culture, proliferation and cellular uptake evaluations {#sec2.3}
--------------------------------------------------------------------------

C2C12 is a model cell line that has been widely used to study the skeletal muscle regeneration. C2C12 mouse myoblast cell lines were purchased from the American Type Culture Collection (Rockville, MD) and routinely maintained in Dulbecco\'s Modiﬁed Eagle Medium (DMEM, GIBCO) supplemented with 10% fetal bovine serum (FBS, Bioind) and 1% antibiotic-antimycotic solution (including 10,000 U/mL penicillin, 10 mg/mL streptomycin, GIBCO) at 37 °C in a humidified atmosphere containing 5% CO~2~. The medium was changed every 2--3 days. The initial proliferation was measured by using an Alamar blue® assay according to the manufacturer\'s instruction. The tissue culture polystyrene plates (TCP) were taken as blank control. Live/dead fluorescence staining kit was performed to observe the C2C12 cell viability. Red color represented dead cells and green color showed the live cells. The cellular uptake studies of POCG-PEI600 and beta-cyclodextrin *in vitro* were determined by a confocal laser scanning microscope (CLSM, FV1200, Olympus). The nucleus was stained as red using PI and the POCG-PEI600 showed the inherent blue fluorescence. POCG and PEI600 was used the control respectively. The experimental details were presented in supporting information.

2.4. Mito-tracker green fluorescent staining {#sec2.4}
--------------------------------------------

C2C12 skeletal myoblasts were cultured on 14 mm round glass cover slips as above. Firstly, the cells were seeded on the cover slips and cultured in growth medium for 12 h. Next, in order to investigate the effect of POCG-PEI600 for mitochondria, the p38 MAPK signaling pathway inhibitor SB203580 (5 μM) was added into medium \[[@bib43]\]. Then the cells were incubated with POCG-PEI600, POCG and PEI600 (40 μg/mL) for 7 days. Subsequently, the medium was removed and rinsed with PBS; incubating the mito-tracker (1:10,000; Thermo Fisher Scientific) for 60 min. Finally, the cells were observed by a laser confocal fluorescent microscope (CLSM, Olympus FV1200).

2.5. Myogenic differentiation analysis {#sec2.5}
--------------------------------------

C2C12 skeletal myoblasts were seeded at a density of 8000 cells/cm^2^ on 24-well plates for12 h. To study the myogenic differentiation mechanism of C2C12 skeletal myoblasts induced by POCG-PEI600, we added the SB203580 (5 μM) to the differentiation medium (DMEM+2% horse serum). Then the cells were continued to be cultured with the 40 μg/mL concentration of POCG-PEI600 for 7 days. The differentiation medium was renewed every two days. Two myogenic genes including *Myod* and myosin heavy chain (*Mhc*) was analyzed through the quantitative reverse transcription polymerase chain reaction (qRT-PCR) (Applied Biosystems 7500). *Gapdh* was used as the control and the relative quantification was calculated by the ΔΔCt method. The myotube formation of C2C12 cells under the effect of POCG-PEI600 was determined by the immunofluorescence staining. ImageJ software (National Institutes of Health, Bethesda, MD) was employed to obtain the myotube number, myotube length, myotube diameter and maturation index. The experimental details were presented in supporting information.

2.6. Western blot evaluation {#sec2.6}
----------------------------

C2C12 were cultured in 60 mm plates with POCG-PEI600 for 7 days in myoblastic differentiation medium. After that, cell mass was wash three times with PBS, lysed for 30 min in ice-cold RIPA lysis buffer (20 mM Tris·HCl, pH = 8.0, 150 mM NaCl and 1% TritonX-100) and protease inhibitor cocktail and phosphatese inhibitor cocktail. Protein concentration was investigated using the BCA protein assay kit (Thermo Scientific). Equivalent protein was heated at 100 °C for 5 min in 5 × loading buffer (Invitrogen). Proteins were separated by 8--12% SDS-PAGE gels (Invitrogen) and transferred to a polyvinylidene difluoride membrane by using a wet transfer apparatus. Membranes were blocked with 5% skim milk in TBS-T (20 mM Tris-HCl, pH = 7.5, 150 mM NaCl and 0.1% Tween) for 1 h at room temperature and incubated with the following primary antibodies overnight: p38 (1:1000; Cell signaling), phosphor-p38 (1:1000; Cell signaling), MYOD (1:1000; Abcam, Cambridge, UK), MHC (1:1000; Abcam, Cambridge, UK), and GAPDH (1:1000; Abcam, Cambridge, UK). After being washed with TBS-T, membranes were incubated with secondary antibodies for 1 h. The secondary antibodies purchased from Invitrogen (Anti-mouse lgG and Anti-rabbit lgG). Proteins were visualized using the ECL detection kit (CWBIO, Beijing, China).

2.7. Skeletal muscle regeneration *in vivo* {#sec2.7}
-------------------------------------------

The rat tibialis anterior muscle model was created on the female SD mice. The weight of female SD mice was 180 g--200 g. Each group was repeated with five female SD mice. The female SD mice were maintained under standard animal housing conditions. SD mice were divided into three groups randomly. Animals were anaesthetized with 2% inhalation of isoflurane. The tibialis anterior muscle was exposed by cutting anterolateral skin. A 5 mm × 3 mm x 2 mm (length, width and depth) rectangular-shaped defect was created on the skeletal muscle. The thermal-responsive hybrid hydrogel was fabricated (F127-POCG-PEI600), in which the final concentration of POCG-PEI600 in hydrogels was 40 μg/mL and the concentration of F127 was 25 wt%. The hydrogels were injected in the muscle defects. The Empty group and pure F127 hydrogel group was considered as the controls respectively. After 7 days and 28 days, for examination of new muscle formation, the defect skeletal muscle were fixed with formalin, infiltrate by resin, and the tissue slices were observed under light microscope after Hematoxylin-Eosin-staining (H.E. staining).

2.8. Statistical analyses {#sec2.8}
-------------------------

All variables were tested in three independent cultures for each experiment. All data were expressed as mean ± standard deviation. Statistical comparisons were carried out using a one-way analysis of variance (ANOVA; SAS Institute Inc., Cary, NC, USA), followed by a Bonferroni test for multiple comparisons. A value of *\*p* \< 0.05, *\*\*p* \< 0.01 were considered to be statistically significant.

3. Results and discussion {#sec3}
=========================

3.1. Myoblast biocompatibility evaluation of POCG-PEI600 {#sec3.1}
--------------------------------------------------------

To decrease the possible cytotoxicity of PEI polymer, PEI with an average molecular weight of 600 was used to synthesize POCG-PEI600. The successful synthesis and chemical structures of POCG-PEI600 were determined by previous study, ^1^H NMR and FT-IR analysis in [Fig. S1](#appsec1){ref-type="sec"} \[[@bib31]\]. The presence of peaks between 3.9 and 4.3 ppm (--CH~2~--) indicated the successful synthesis of POCG. The presence of double peaks at 3.0 and 3.1 ppm (--CONHCH~2~--) belonged to the methylene protons of PEI600, suggesting the formation of POCG-PEI600 \[[@bib31]\]. The FT-IR was also used to confirm the chemical structure of prepared polymers. The double peaks at 2800-3000 cm^−1^ represented the methylene (--CH~2~--). The eater bonds (--COO--) in POCG and amido bond (--CONH--) in POCG-PEI600 were showed at 1600-1800 cm^−1^. The characteristic peaks at 1500-1600 cm^−1^ were assigned to amide (--NH--) of PEI600 ([Fig. S1](#appsec1){ref-type="sec"}). The transmitted electron microscope (TEM) images showed that POCG-PEI600 form a monodispersed spherical nanoscale size of 200 nm in a cell culture medium containing 10% FBS ([Fig. S2](#appsec1){ref-type="sec"}) The hydrodynamic diameter of POCG-PEI600 was about 197 nm with a Zeta potential of 21.6 mV ([Table S1](#appsec1){ref-type="sec"}). The result of particle size was similar by TEM and hydrodynamic diameter methods.

Firstly, whether POCG-PEI600 could promote cell viability and proliferation was studied. After cultured with POCG-PEI600 at different concentrations (0, 20, 40, 80, 120 μg/mL), C2C12 cells showed different cell viability and proliferation ([Fig. 1](#fig1){ref-type="fig"}). After cultivation for 1 day and 3 days, most of the cells were alive (green), while few were dead (red), and all cells exhibited a normal morphology, which indicated that POCG-PEI600 had a good biocompatibility *in vitro* ([Fig. 1](#fig1){ref-type="fig"}A). Furthermore, the cell proliferation behavior was quantitatively analyzed by Alamar blue assay. On day 1, relatively to the TCP control, cells showed a significantly high proliferation in PEI600/POCG-PEI600 group ([Fig. 1](#fig1){ref-type="fig"}B). The cell proliferation of POCG group was better than TCP group. Under the same concentration (40 μg/mL), the cell viability in POCG-PEI600 group was significantly higher than other groups on day 1. On day 3, the cell viability in PEI600 and POCG-PEI600 groups maintained the same trend as day 1 at various concentrations ([Fig. 1](#fig1){ref-type="fig"}C). In contrast to day 1, the cellular activity of POCG group (20 and 80 μg/mL) was significantly increased compared with TCP group. The cell viability was also related to the concentration of POCG-PEI600 and the high concentration contributed to the cell proliferation. However, no significant difference was found at concentration of 40--120 μg/mL. All these results demonstrated that POCG-PEI600 significantly enhanced the C2C12 myoblast proliferation which probably affected the myogenic differentiation. Based on the inherent fluorescence of POCG-PEI600 polymer, the cellular uptake in C2C12 cells was determined. The CLSM images with high magnification showed that POCG-PEI600 was distributed in cytoplasm ([Fig. S3A](#appsec1){ref-type="sec"}, [Fig. S3C](#appsec1){ref-type="sec"}). And the beta-cyclodextrin as the inhibitor of caveolin was performed to show the cell uptake pathway of POCG-PEI600 in C2C12 cells. It was obvious found that no POCG-PEI600 was observed when the inhibitor was used ([Fig. S3B](#appsec1){ref-type="sec"}, [Fig. S3D](#appsec1){ref-type="sec"}), suggesting that the cellular uptake of C2C12 cells was probably *via* caveolin-mediated endocytosis pathway. In addition, previous reports also showed that p38 MAPK have a positive effect by the activation of PGC-1α for mitochondrial biogenesis \[[@bib44]\]. And the activation of p38 MAPK can promote the behavior and function of mitochondria \[[@bib45]\]. Therefore, the SB 203580 as the inhibitor of p38 MAPK signaling pathway and green mito-tracker staining were used to explain the effect of POCG-PEI600 on the mitochondria of C2C12 cells. It was clearly observed that strong positive green fluorescence staining was found in POCG-PEI600 group, as compared to TCP, POCG and PEI600 group ([Fig. 2](#fig2){ref-type="fig"}A). POCG-PEI600 treated C2C12 cells showed the significantly high mitochondrial number per cell compared with other groups ([Fig. 2](#fig2){ref-type="fig"}B). There was no significant difference in mitochondrial number per cell among the TCP, POCG and PEI groups. Under the effect of SB 203580, it was observed that the inhibitor groups did not generate mature myotubes and the green fluorescence of the inhibitor groups was also a little less than normal group ([Fig. S4A](#appsec1){ref-type="sec"}). However, the mitochondrial number per cell in POCG-PEI600 + SB203580 group was stronger comparing with TCP + SB203580, POCG + SB203580 and PEI600 +SB203580 ([Fig. S4B](#appsec1){ref-type="sec"}). At the meanwhile, we found that the largest cell number of cells was POCG-PEI600 + SB203580 group compared with other inhibitor groups. This result suggested that the enhanced proliferation of C2C12 was probably because POCG-PEI600 could enhance the mitochondrial number.Fig. 1**C2C12 myoblasts viability evaluation after cultured with different copolymers for 1 to 3 days.** (A) Live cell staining analysis (green fluorescence) on day 1 (scale bar: 200 μm); (B) C2C12 myoblasts viability on day 1, TCP was the blank control; (C) C2C12 myoblasts viability on day 3; All experiments were performed in triplicate (n = 4 per group, \**p* \< 0.05; \*\**p* \< 0.01), TCP was the blank control. POCG-PEI600 copolymers significantly enhanced the proliferation of C2C12 myoblasts. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 1Fig. 2**Mitochondria staining in C2C12 cells after 7 days culture with various copolymers in myogenic differentiation medium.** (A) Fluorescent staining of mitochondria by Mito-tracker (scale bar 200 μm); (B) Quantitative analysis of the mitochondrial amount per cell on Mito-tracker green fluorescent staining by image J. TCP was the blank control, all experiments were performed in triplicate (n = 4 per group, \**p* \< 0.05, \*\**p* \< 0.01). POCG-PEI600 copolymers significantly enhanced the mitochondrial number in C2C12 myoblasts. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

3.2. Myogenic differentiation effect of POCG-PEI600 {#sec3.2}
---------------------------------------------------

Skeletal muscle satellite cells grew and differentiated well, and finally the single nucleus round cells changed into the multinuclear cast myotube shape cells gradually. MHC protein immunofluorescence staining assay was used to visualize the morphology of the formed myotubes in C2C12 cells. [Fig. 3](#fig3){ref-type="fig"} shows the results of immunofluorescence staining assay after incubation for 7 days. The myotube number, diameter, length and maturation index, were quantified by morphological analysis. The myotube maturation was quantified by determining the ratio of myotube number with more than 5 nuclei to the total myotube number (myotube maturation index). Compared with TCP control, PEI600 at the concentration of 40 μg/mL inhibited the MHC expression and POCG did not affect the MHC expression, and significantly high positive MHC staining was found in POCG-PEI600 group ([Fig. 3](#fig3){ref-type="fig"}A). As compared to TCP, POCG and PEI600, POCG-PEI600 demonstrated the significantly high myotube number, myotube length, myotube diameter and myotube maturation index ([Fig. 3](#fig3){ref-type="fig"}B--E). Additionally, the maturation index of POCG-PEI600 was as high as 80%.Fig. 3***In vitro* myogenic differentiation evaluation of C2C12 myoblasts regulated by various copolymers (40 μg/mL).** (A) Immunofluorescence staining of MHC protein (green) in C2C12 cells on day 7 in myogenic differentiation medium (scale bar 200 μm, cell nuclei: blue); (B--E) Quantitative analysis of myotube number per 10^5^ mm^2^ (B), myotube length (C), myotube diameter (D), and myotube maturation index (% myotubes with ≥5 nuclei) (E); (F--G) *Myod* and *Mhc* myogenic gene expression in normal medium (F) and myogenic differentiation medium (G). All experiments were performed in triplicate (n = 4 per group, \**p* \< 0.05, \*\**p* \< 0.01). POCG-PEI600 copolymers significantly enhanced the *in vitro* myotube formation and myogenic differentiation of C2C12 myoblasts. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

We further investigated the influence of the POCG-PEI600 (40 μg/mL) on myogenic genes expression of C2C12 cells *in vitro*. *Myod* and *Mhc*, the early and late markers of myogenesis, were used to determine the myogenic differentiation at mRNA level. After culture for 7 days in normal medium, POCG-PEI600 showed the more than twice of TCP/POCG/PEI600 in the *Myod* gene expressions ([Fig. 3](#fig3){ref-type="fig"}F). The *Myod* gene expression of POCG and PEI600 was almost the same as TCP ([Fig. 3](#fig3){ref-type="fig"}F). In the meanwhile, *Myod* gene expression of POCG-PEI600 equaled triple that of TCP with differentiation medium ([Fig. 3](#fig3){ref-type="fig"}G). Subsequently, in normal medium, *Mhc* gene expression of POCG-PEI600 completely outclassed TCP, and almost 1.5 times than POCG/PEI600 group ([Fig. 3](#fig3){ref-type="fig"}F). The *Mhc* gene expression of POCG and PEI600 were more than three times as TCP ([Fig. 3](#fig3){ref-type="fig"}F). However, the *Mhc* expression of POCG-PEI600 was significantly twice of TCP with differentiation medium ([Fig. 3](#fig3){ref-type="fig"}G). Together, the results of real-time PCR clearly illustrated that POCG-PEI600 could significantly improve C2C12 myogenic differentiation through improving the *Myod* and *Mhc* expression. The enhanced myogenic differentiation performance for POCG-PEI600 was probably related with their high C2C12 viability since C2C12 cells have a higher tendency to differentiate at high confluence than at low confluence \[[@bib46]\].

3.3. Myogenic differentiation mechanism analysis {#sec3.3}
------------------------------------------------

The results described above showed that POCG-PEI600 could significantly enhance C2C12 cells proliferation and myogenic differentiation, however, the molecular mechanism was not clear. Here, based on our previous studies related with the nanomaterials guiding tissue regeneration, it was speculated that POCG-PEI600 may participate in the p38 MAPK γ signaling pathway which could affect myocyte fusion. To verify the possibility that whether p38 signaling activity is needed for muscle cell fusion induced by POCG-PEI600, C2C12 cells were incubated in DMEM with SB203580 (inhibitor) and 2% horse serum for 7 days. The relationship and process of p38 MAPK γ signaling pathway and POCG-PEI600 were shown in [Scheme 1](#sch1){ref-type="fig"}.Scheme 1Hypothetical molecular mechanism of the modulation of myogenic differentiation of C2C12 by POCG-PEI600 through p38 MAPK γ signaling pathway. SB 203580 was used as a p38 MAPK γ signaling pathway inhibitor.Scheme 1

In the continued presence of SB203580, few multinucleated myotubes were detected by immunofluorescence staining in TCP, PEI600 and POCG groups. However, a few immature myotubes with MHC protein staining were tested in POCG-PEI600 groups ([Fig. 4](#fig4){ref-type="fig"}A). Therefore, we further tested the expression of proteins and mRNAs involved in POCG-PEI600 and TCP groups. To more broadly analyze changes in protein, we performed Western blot assay on MYOD and MHC proteins following 7 days of incubation in DMEM with SB203580 or without SB203580 ([Fig. 4](#fig4){ref-type="fig"}B). And the bands of TCP and POCG-PEI600 groups were stronger than TCP + SB203580 and POCG-PEI600 + SB203580 groups, a sharp decline was seen when SB203580 was added. Especially, TCP + SB203580 groups did not obviously show the MYOD and MHC protein bands, however, POCG-PEI600 + SB203580 groups clearly revealed the protein bands ([Fig. 4](#fig4){ref-type="fig"}E and F). Subsequently, we detected the protein expression of signaling pathway during myoblast differentiation. There was slight fluctuation in levels of p38 when the inhibitor was mixed; however, we still found the clear protein band in TCP + SB203580 and POCG-PEI600 + SB203580 groups. In contrast, the band of phosphorylated -p38 (p-p38) was disappeared in TCP + SB 203580 groups ([Fig. 4](#fig4){ref-type="fig"}C and D). Comparing POCG-PEI600 + SB203580 groups and TCP + SB203580 groups, the band of POCG-PEI600 + SB203580 was clearer and stronger ([Fig. 4](#fig4){ref-type="fig"}B). We next evaluated *Myod* and *Mhc* expression that had been implicated in muscle cell fusion by examining the changes in their gene expression at different growth conditions. The real-time PCR showed that *Myod* and *Mhc* genes expression were declined under the influence of SB203580 in TCP, PEI600 and POCG groups. The genes expression of Myod and Mhc in POCG-PEI600 groups was higher than TCP, PEI600 and POCG groups ([Fig. 4](#fig4){ref-type="fig"}G). Thus, SB203580 prevents muscle fusion, however, POCG-PEI600 could still promote myogenic differentiation under the effect of SB203580. In a word, POCG-PEI600 can activate p38 MAPK **γ** signaling pathway through upregulating the level of p-p38 protein and facilitate myoblast differentiation efficiency ([Scheme 1](#sch1){ref-type="fig"}).Fig. 4**Molecular mechanism analysis of myogenic differentiation of copolymers (40 μg/mL).** (A) Immunofluorescence staining of MHC protein (red) in C2C12 cells on day 7 after incubation with copolymers in inhibitor-added myogenic differentiation medium (scale bar 200 μm, cell nuclei: blue); (B) Western blot analysis of MAPK pathway related proteins in C2C12 cells on day 7 after incubation with copolymers in inhibitor-added myogenic differentiation medium; (C--F) Quantitative gray level based on the Western blot bands for P-p38 (C), p38 (D), MHC (E) and MYOD (F) proteins expression; (G) *Myod* and *Mhc* gene expression in C2C12 cells on day 7 after incubation with POCG-PEI600 copolymers in inhibitor-added myogenic differentiation medium. All experiments were performed in triplicate (n = 4 per group, \**p* \< 0.05, \*\**p* \< 0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

Several signaling pathways, such as Wnt, Notch, NF-kB, ERK1/2, FGF and TGF-β are responsible for regulating general skeletal muscle formation and reconstruction \[[@bib47], [@bib48], [@bib49]\]. Then, some of these have been identified to play a crucial role in regulating myoblast differentiation. For instance, Wnt signaling pathway\'s role in skeletal muscle formation during development have been widely recognized and its versatile functions indicate its potential for therapeutic use \[[@bib50],[@bib51]\].

Additionally, the p38 MAPK families are signal transducers that also promote muscle differentiation *in vitro* and influence muscle growth and repair *in vivo*, but only p38 MAPK γ directly affects myogenic transcription factors of the *Myod* family \[[@bib52],[@bib53]\]. During differentiation, skeletal muscle C2C12 cells proliferate, migrate, and subsequently secede from the cell cycle associated with an increase in p38 MAPK γ signaling activity, align with each other, and fuse to form multinucleated myotubes \[[@bib54],[@bib55]\]. The process can be followed by the increased expression of cytoskeletal components. Therefore, we speculated that the POCG-PEI600 *via* influencing p38 MAPK γ signaling pathway to regulate the C2C12 myoblast differentiation. We used a p38/MAP kinase inhibitor (SB 203580) that can prevent the p38 to phosphorylate. When C2C12 cells were cultured with SB203580 and POCG-PEI600 in inducting medium, the myoblast differentiation was still slightly underway. In contrast, only culturing with SB 203580 in inducting medium, the differentiation was almost suppressive. Subsequently, the results of immunofluorescence staining, mRNA and Western blot all illustrated that the POCG-PEI600 can enhance the phosphorylation of p38, which led to the improvement of the expression of *Myod* and the myoblast differentiation. Our study strongly suggests that the POCG-PEI600 can promote the skeletal muscle differentiation by activating the p38 MAPK γ signaling pathway.

3.4. Skeletal muscle tissue regeneration *in vivo* {#sec3.4}
--------------------------------------------------

Encouraged by the *in vitro* results, we performed a tibialis anterior muscle defect model for investigating the skeletal muscle regeneration capacity of POCG-PEI600 *in vivo*. After filling the defect by POCG-PEI600 hydrogel for 7 and 28 days, histological and molecular examinations were used to evaluate the skeletal muscle regeneration ([Fig. 5](#fig5){ref-type="fig"} and [Fig. 6](#fig6){ref-type="fig"}). At 7 days, the newborn tissue had filled the defect in POCG-PEI600 group, however, the TCP and F127 hydrogel group still showed the obvious defects ([Fig. 5](#fig5){ref-type="fig"}A). The nuclei of mature myofibers are in the periphery of myofibers, and the nuclei in the cytoplasm center were regarded as the markers for the new born myofibers. As compared to TCP and F127 control, improved centronucleated myofibers were showed in the H.E. staining of the POCG-PEI600 group ([Fig. 6](#fig6){ref-type="fig"}B). The myofibers diameter, capillary density and centronucleated myofibers numbers was evaluated from the pictures of H.E. At days 7, there were no signiﬁcant differences in diameter of myoﬁbers ([Fig. 5](#fig5){ref-type="fig"}C). The capillary density and the number of centronucleated myofibers were significantly enhanced in the POCG-PEI600 group compared with TCP and F127 group ([Fig. 5](#fig5){ref-type="fig"}D and E). Then real time PCR was performed to evaluate the expression of *Myod* and *Mhc* genes in regenerative muscle tissue, in which the markers genes expression of POCG-PEI600 group was significantly enhanced ([Fig. 5](#fig5){ref-type="fig"}F).Fig. 5***In vivo* skeletal muscle tissue regeneration evaluation of POCG-PEI600 copolymer after implanted on the full-thickness muscle defect mice model for 7 days.** (A) Optical image of skeletal muscle defect on day 7, normal skeletal muscle was used as a control; (B) H.E. staining pictures of treated skeletal muscle tissue (scale bars = 50 μm, black arrow: centronucleated myofibers); (C) Analysis of formed myoﬁbers diameter in the defect area; (D) Statistical data of capillary density in the regenerative site; (E) Numbers of centronucleated myoﬁbers in repaired tissue; (F) *Myod* and *Mhc* gene expression in repaired muscle tissues. The empty and commercial F127 hydrogel treated groups were used as controls, \**p* \< 0.05. \*\**p* \< 0.01.Fig. 5Fig. 6***In vivo* skeletal muscle tissue regeneration evaluation of POCG-PEI600 copolymer after implanted on the full-thickness muscle defect mice model for 28 days.** (A) Optical image of skeletal muscle defect on day 28, normal skeletal muscle was used as a control; (B) H.E. staining pictures of treated skeletal muscle tissue (scale bars = 50 μm, black arrow: centronucleated myofibers); (C) Analysis of formed myoﬁbers diameter in the defect area; (D) Statistical data of capillary density in the regenerative site; (E) Numbers of centronucleated myoﬁbers in repaired tissue; (F) *Myod* and *Mhc* gene expression in repaired muscle tissues. The Empty and commercial F127 hydrogel treated groups were used as controls, \**p* \< 0.05. \*\**p* \< 0.01.Fig. 6

After implantation for 28 days, there were still obvious defect in the TCP group and F127 group, however, the defect treated with the POCG-PEI600 hydrogel group showed a smooth surface similar with normal muscle tissue ([Fig. 6](#fig6){ref-type="fig"}A). The situation of regeneration was further confirmed by H.E. staining ([Fig. 6](#fig6){ref-type="fig"}B). The defect in POCG-PEI600 group had been completely repaired by new tissues compared with TCP and F127 grou*p* ([Fig. 6](#fig6){ref-type="fig"}B). Under the high magnification microscope, the tendency of diameter, capillaries and centronucleated myofibers numbers were consistent with previous results at days 7 ([Fig. 6](#fig6){ref-type="fig"}C, D and E). Comparing with TCP and F127 controls, the *Myod* and *Mhc* expression of POCG-PEI600 group were significantly improved ([Fig. 6](#fig6){ref-type="fig"}F). These results demonstrated that POCG-PEI600 could efficiently enhance the skeletal muscle regeneration *in vivo*.

3.5. Biodegradation and metabolism of POCG-PEI600 copolymer *in vitro* and *in vivo* {#sec3.5}
------------------------------------------------------------------------------------

It is very necessary to evaluate the biodegradation performance of bioactive biomaterials for tissue regeneration. In this study, the biodegradation of POCG-PEI600 copolymer was carried out through analyzing the degradable product *in vitro* and the *in vivo* tissue distribution/metabolism. The biodegradable product of 1.8-octanediol was measured by the liquid chromatograph/mass spectrometer ([Fig. S4](#appsec1){ref-type="sec"}). As the increase of degradation time, the amount of 1, 8-octanediol in the solution sustainably increased, demonstrating that the polymer was gradually degrading. The biodistribution and metabolism of POCG-PEI600 copolymer *in vivo* were determined using dye-labeled fluorescent imaging studies by the *in vivo* imaging system ([Fig. S5](#appsec1){ref-type="sec"}). After 24 h of intravenous injection, as compared to other main organs, the signiﬁcantly high ﬂuorescent imaging on liver tissue was observed. Comparing with day 1, the ﬂuorescent intensity on liver tissue was significantly decreased on day 3. Only slight fluorescence was seen in the lungs on day 7. At a later different point in time, there was no any fluorescence in main organs ([Fig. S5A](#appsec1){ref-type="sec"}, [Fig. S5B](#appsec1){ref-type="sec"}). These results demonstrated that POCG-PEI600 copolymer probably could be completely metabolized after about one week *in vivo*.

In this work, we investigated the myogenic differentiation and skeletal muscle regeneration performance and the detailed biodegradation *in vitro* and *in vivo* of POCG-PEI600 copolymer. It was found that POCG-PEI600 copolymer could significantly enhance the myogenic differentiation and myotube formation of myoblast through activating the potential signaling pathway of p38-MAPK, efficiently promote the full-thickness skeletal muscle tissue regeneration *in vivo*. The copolymer could be also be degraded into the small molecule monomers and metabolized completely in a short time. As compared to other biomedical polymers for skeletal muscle tissue engineering, the POCG-PEI600 copolymers possess special advantages. Firstly, the citric acid-based polymer has the similar elastomeric mechanical properties with the native skeletal muscle tissue, and most of other biodegradable artificial biopolymers do not have this property. Secondly, the skeletal muscle tissue has a fast growth period, which needs the fast biodegradation for implanted biomaterials. Our POCG-PEI600 copolymers showed the fast biodegradation and metabolization *in vivo*, demonstrating the special advantage in skeletal muscle tissue engineering compared with other biodegradable polymers. Thirdly, POCG-PEI600 copolymers exhibited the enhanced myogenic differentiation and promoted muscle repair capacity, which has not been found on other biodegradable polymers. And previous work showed nanocarriers deliver growth factors to regulate the osteogenic differentiation of human bone marrow stem cells \[[@bib56]\]. The nanocarriers with hydrogels as control programmed system release inductive factors to control the stem cells fate \[[@bib57]\]. And our POCG-PEI600 offered an excellent alternative for the combine polymer materials with bioactive molecules to promote skeletal muscle tissue regeneration. Above all, the biodegradable POCG-PEI600 copolymers showed the promising potential in skeletal muscle tissue engineering.

4. Conclusion {#sec4}
=============

In summary, this study found a biocompatible and bioactive biodegradable citric acid-based polymer (POCG-PEI600) which could accelerate the myoblast proliferation, myogenic differentiation and skeletal tissue regeneration *in vitro* and *in vivo*. POCG-PEI600 significantly enhanced the myoblasts differentiation through improving their myotubes formation, proteins levels and genes expressions, skeletal tissue formation *in vitro* and *in vivo*. Subsequent studies found that POCG-PEI600 could activate the p38 MAPK γ signaling pathway through upregulating the level of p-p38 protein which efficiently facilitates the myoblast differentiation of C2C12 cell. POCG-PEI600 copolymer could be also biodegraded into small molecules and eliminated *in vivo*, suggesting their high biocompatibility and biosafety. This study suggests that POCG-PEI600 have great potential for safe and efficient muscle-related tissue regeneration.
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